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ABSTRACT
We report an investigation of the electronic inhomogeneities in a single germanene layer grown on a molybdenum disulfide
(MoS2) substrate. Using scanning tunneling microscopy and spectroscopy, we have recorded spatial maps of the Dirac point of
germanene. The Dirac point maps reveal the presence of charge puddles in the germanene sheet. The Dirac point varies from
30meV to þ15meV, corresponding to a charge density in the puddles in the range of 2.6 103 electrons to 6.6 104 holes per
nm2. The radius of these puddles is about 10–20nm, resulting in a total charge of the order of one charge carrier per puddle. The
defect concentration in the top layer of the MoS2 substrate is very comparable to the density of charge puddles, suggesting that
the charge puddles are caused by the charged defects in the top layer of the MoS2 substrate.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5085304
In 2004, Geim, Novoselov, and co-workers managed to iso-
late a single layer of graphene, i.e., a layer of sp2 hybridized car-
bon atoms arranged in a honeycomb structure.1,2 Graphene is a
semimetal with linearly dispersing energy bands at the K and K’
points of the Brillouin zone. Owing to these linearly dispersing
energy bands, the electrons in graphene behave as massless rel-
ativistic particles (see, for instance, Refs. 3 and 4 and references
therein). An ideal graphene sheet, i.e., a sheet that is undoped,
perfectly flat, and completely free from defects and charged
impurities, has its charge neutrality point, also referred to as the
Dirac point, located at the Fermi level. The density of states of
this ideal graphene sheet vanishes at the Dirac point. Recent
experiments have revealed that graphene placed on a substrate
often exhibits a spatially varying Dirac point, resulting in
electron-hole puddles. The exact origin of these charge puddles
is still under debate. Possible candidates for the occurrence of
these charge puddles are (1) charged impurities in the substrate
on which the graphene is placed,5,6 (2) charged species which
are intercalated between the graphene sheet and the substrate,7
and (3) the local curvature of the graphene sheet.8–10
The first experimental evidence for the occurrence of
charge puddles in two-dimensional materials dates back to
2008. Martin et al.5 used a scanning single-electron transistor to
spatially map out the charge inhomogeneities in graphene on
SiO2. One year later, Zhang et al.6 used a scanning tunneling
microscope to map out the charge density inhomogeneities in
graphene on SiO2 by a technique, referred to as Dirac-point
mapping, with a charge density spatial resolution that is sub-
stantially higher than what can be achieved by the scanning
single-electron transistor. These authors arrived at the conclu-
sion that the electron-hole puddles originate from charge
donating defects and/or impurities in the SiO2 substrate. As
demonstrated byMartin et al.,7 also atoms or molecules interca-
lated between graphene and its support can result in the forma-
tion of charge puddles. Gibertini et al.9,10 used density functional
theory calculations to show that structural corrugations are in
principle sufficient to explain the formation of charge puddles in
graphene. They also pointed out that the locations of these
electron-hole puddles, which have a typical dimension of a few
nanometers, do not exhibit a clear correlation with the
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topography of the graphene sheet. It is worth mentioning that
electron-hole puddles are also found in bilayer graphene.11 So
far, charge puddles have only been found in graphene and not in
any other elemental two-dimensional material.
The electronic structures of silicon and germanium are
very similar to carbon, and therefore, it is worthwhile to check if
these materials can form two-dimensional honeycomb lattices.
Theoretical calculations have revealed that the graphene-like
allotropes of silicon and germanium referred to as silicene and
germanene, respectively, are indeed stable.12–14 Unfortunately,
silicene and germanene do not occur in nature, and therefore,
thesematerials have to be synthesized. In 2012, silicene was syn-
thesized,15,16 followed a few years later by germanene.17–20
Initially, metallic substrates, particularly transition metal (111)
surfaces, were used as templates. In order to electronically
decouple the relevant electronic states of the two-dimensional
material, which are located near the Fermi level, a bandgap sub-
strate is required. A suitable substrate would beMoS2, a material
with a bulk bandgap of about 1.3eV. Earlier work revealed that
the unique electronic properties of graphene are preserved if
MoS2 is used as a substrate.
21 Inspired by this success, Zhang
et al. have grown germanene on MoS2.22 Scanning tunneling
spectroscopy measurements revealed that the density of states
of germanene synthesized on MoS2 exhibits a V-shaped density
of states, which is one of the hallmarks of a two-dimensional
Dirac material.
In this work,we have investigated the electronic disorder of
germanene sheets grown on bulk MoS2 by using scanning
tunneling microscopy. Inspired by the observation of charge
puddles in graphene sheets, we have scrutinized if such charge
inhomogeneities are also present in germanene. In order to map
out the charge density of the germanene sheet, we have used
the aforementioned Dirac point mapping technique.
The scanning tunneling microscopy (STM) and spectros-
copy (STS) experiments have been performed at room tempera-
ture with an ultra-high vacuum STM (Omicron STM-1). The base
pressure of the ultra-high vacuum system is 3 1011 mbar.
MoS2 samples were freshly cleaved from synthesized 2H-MoS2
(purchased from 2D Semiconductors) before inserting into the
vacuum system. TheMoS2 samples are mounted on aMo sample
holder. Germanium was deposited onto the MoS2 substrate,
which was held at room temperature, by resistively heating a
small piece of a Ge(001) wafer at a temperature of 1150K. Prior
to the deposition process, the Ge(001) wafer was cleaned by out-
gassing at a temperature of 700K for about 24 h followed by sev-
eral cycles of argon ion bombardment at 800eV and annealing
at 1100K.23 The Ge source was located at a distance of 10mm
from the MoS2 substrate. After the deposition of germanium,
theMoS2 sample was inserted into the STM.
MoS2 is a transition metal dichalcogenide that consists of a
covalently bonded Mo layer encapsulated between two S layers.
The MoS2 trilayers are held together by weak Van der Waals
bonds. The material is a semiconductor with a bulk bandgap of
1.3eV. The MoS2 surface has a hexagonal unit cell with a lattice
constant of 0.316nm. Despite the fact that the lattice constant
of MoS2 is substantially smaller than the lattice constant of ger-
manene, MoS2 is a good substrate for the growth of germanene
owing to the relatively weak Van der Waals interaction between
the twomaterials.
In Figs. 1(a) and 1(b), a large-scale scanning tunneling
microscopy image and a scanning tunneling spectroscopy spec-
trum of the pristine MoS2 surface are shown. By examining sev-
eral large-scale scanning tunneling microscopy images, similar
to the one shown in Fig. 1(a), we have found a defect density of
about 3 103nm2. This defect density, which includes the
dark and the dimmer defects shown in Fig. 1(a), compares well
with a previous study of the defects of MoS2 using conductive
atom force microscopy by Bampoulis et al.24 The dark features in
Fig. 1(a) are defects in the first MoS2 trilayer, whereas the dim-
mer features are defects located in the second MoS2 trilayer.
24
As shown by Bampoulis et al.,24 both the dark and dim defects
are electronic in nature since they only show up in conductive
atomic force microscopy images and not in topographic atomic
force microscopy images.
The differential conductivity spectrum displayed in Fig. 1(b)
demonstrates that the MoS2 substrate has a sizeable bandgap.
The defects in MoS2 have been extensively studied (see, e.g., Ref.
25 and references therein). MoS2 exhibits n-type and p-type
defects, which are explained by sulfur-deficient and sulfur-rich
regions, respectively.25
FIG. 1. (a) Scanning tunneling microscopy
image of the pristine MoS2 surface. Inset:
small scale scanning tunneling micros-
copy image. The sample bias is 0.3 V,
and the tunnel current is 500 pA. (b) dI/dV
spectrum of the pristine MoS2 surface.
The set point values are 1.1 V and
500 pA.
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In Fig. 2(a), a scanning tunneling microscopy image of a ger-
manene layer grown on MoS2 is shown. As we have already
shown in a recent study,22 Ge atoms deposited on the MoS2 sub-
strate nucleate at pre-existing defects of the MoS2 surface. The
germanene islands have a height of 3.2 A˚ and exhibit a hexagonal
symmetry with a lattice constant of 3.8–3.9 A˚, which is about 20%
larger than the lattice constant of pristine MoS2. This relatively
large interlayer spacing of 3.2 A˚ between the germanene sheet
and the MoS2 substrate hints to a relatively weak interaction
between the layers as one expects for materials that are held
together by Van der Waals interactions. The deposition of more
Ge eventually leads to a complete and very flat germanene layer
[see Fig. 2(a)].22 Owing to the large buckling of germanene on
MoS2, only one of the two triangular sub-lattices is visible in the
scanning tunnelingmicroscopy images [see the inset of Fig. 2(a)].
The electronic properties of the germanene layer have
been studied by recording grid I(V) curves with the feedback
loop disabled. The typical grid size is 6060 for a 100 nm by
100 nm scan. The differential conductivity (dI/dV), which is
proportional to the density of states, is obtained by numeri-
cally differentiating the I(V) curves. The averaged dI/dV
curve is shown in Fig. 2(b). The differential conductivity dis-
plays a V-shape, which is one of the signatures of a two-
dimensional Dirac material. The density of states does not
completely vanish as the Dirac point. The dI/dV curve is
asymmetric, a feature that we have observed before.22 The
asymmetry of the dI/dV curve could be caused by the elec-
tronic structure of the STM tip. In addition, it should be
noted that the rounded shape near the Dirac point cannot be
fully explained by thermal broadening. A much improved fit
is, however, obtained by introducing a bandgap of about
25meV. This bandgap could be due to the presence of a spin-
orbit gap in germanene.26
Density functional theory calculations shown in Ref. 22
reveal that besides the linear bands at the K and K’ points of
the Brillouin zone, there are also two parabolic bands in the
vicinity of the Fermi level at the C point. It is very well possi-
ble that these two parabolic bands near the C point are
responsible for the non-zero density of states at the Dirac
point; however, the non-zero density of states could also be
caused by the electronic structure of the scanning tunneling
microscopy tip.
Since the dI/dV curve shown in Fig. 2(b) is averaged over
3600 different positions on the surface, it is worthwhile to have
a detailed look at the spatial variation of the dI/dV curves. In
order to do this, we have determined the exact position of the
minimum of all individual dI/dV curves. The minimum of the
V-shaped dI/dV curve is located at the charge neutrality point,
i.e., the Dirac point. As we will show below, the Dirac point pro-
vides information on the local charge density. The dispersion
relation of a two-dimensional Dirac material is E ¼ hvF kj j, where
h is the reduced Planck constant, vF the Fermi velocity, E the
energy of the electron, and k the momentum of the electron.
The density of states of a two-dimensional Dirac material is
given by
D Eð Þ ¼ 2 E EDj j
ph2v2F
; (1)
where ED is the Dirac point. The map of the Dirac point can be
converted into a map of the charge density by using
q x; yð Þ ¼
ðED
0
2 E EDj j
ph2v2F
dE ¼  E
2
D
ph2v2F
sign EDð Þ: (2)
In Figs. 3(a) and 3(b), spatial maps of the Dirac and charge
character of a 100nm by 100nm germanene/MoS2 are shown,
respectively. The images consist of 6060 pixels, and each pixel
corresponds to a single I(V) curve. It should be emphasized here
that we are dealing with raw data, and we have not applied any
smoothening of the I(V) curves in order to determine the mini-
mum of each I(V) curve. The spatial maps of the variation of the
Dirac point and charge character reveal that the germanene
sheet consists of electron and hole puddles with a typical radius
of 10–20nm embedded in an intrinsic, i.e., undoped, back-
ground. The electrostatic screening in two-dimensional Dirac
materials is significantly different from electrostatic screening
in conventional two-dimensional electron systems. The Dirac
point varies from 30meV to 15meV corresponding to a charge
fluctuation of 2.6 103 electrons/nm2 to 6.6 104 holes/nm2,
FIG. 2. (a) Large scale scanning tunneling microscopy image (100 nm by 100 nm)
of a complete germanene layer grown on MoS2. Inset: small scale scanning tunnel-
ing microscopy image of the germanene layer. The sample bias is 1 V, and the
tunnel current is 300 pA. (b) Differential conductivity of germanene. The set point
values are 1.4 V and 600 pA.
FIG. 3. (a) Spatial map (60 60 pixels) of the Dirac point of germanene/MoS2.
The image size is 100 nm by 100 nm. The color code refers to the position of the
Dirac point. (b) Spatial map (60 60 pixels) of the charge character of germanene/
MoS2 (red: intrinsic, black: n-type, and white: p-type). The image size is 100 nm by
100 nm.
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assuming a Fermi velocity of 5 105 m/s.27 Since the germanene
sheet is atomically flat on a length scale exceeding the typical
size of the charge puddles, we have to rule out the possibility
that charge puddles are caused by structural corrugations or
bending of the germanene sheet. The germanene sheet is grown
and subsequently studied at ultra-high vacuum conditions, and
therefore, we can also rule out the intercalation of atoms or
molecules as being the cause of the charge puddles. The only
remaining sources are charge donating impurities in the MoS2
substrate. By analyzing several large-scale scanning tunneling
microscopy images of our pristine and freshly cleaved MoS2
substrate, we find a defect density of 3 103nm2. This value
compares favorably well with the charge puddle density we have
determined for the germanene sheet. Based on these findings,
we suggest that the charge puddles are caused by charge donat-
ing defects of theMoS2 substrate.
The typical radius of the charge puddles in germanene is
about 10–20nm. A crude estimate for the size of the charge pud-
dle is the Thomas-Fermi screened length. In conventional two-
dimensional electron systems, the density of states in energy
space is constant, and therefore, the Thomas-Fermi screening
length, which is inversely proportional to the density of states at
the Fermi level, is constant.28–31 In two-dimensional Dirac sys-
tems, however, the density of states is proportional to the energy.
This results in a Thomas-Fermi screening length of
2pjhvF=4e2
ffiffiffiffiffiffi
pn
p
, where n is the charge density.28 Assuming a
Fermi velocity of 5 105 m/s (Refs. 27 and 32) and a charge den-
sity of 3 103nm2 (one charge carrier per defect), we find for
germanene on molybdenum disulfide a Thomas-Fermi length of
10nm,which is somewhat smaller than our experimental obser-
vations. In addition, the size of the charge puddles in germanene
is very comparable to the size of the charge puddles found in gra-
phene at a comparable charge density (see Ref. 6). Please note
that the charge density in Ref. 7 is substantially larger than in our
case and Ref. 6, resulting in, as expected, smaller charge puddles.
In a previous study,22 we found a qualitative good agree-
ment between the dI/dV spectrum and the density functional
theory calculations. There is, however, an overall energy shift of
about 0.3eV between the experimental and theoretical spectra.
In Ref. 22, we tentatively ascribed this energy shift to the pres-
ence of defects and/or impurities with an acceptor character. In
this work, we have not found any evidence for the presence of
these acceptor types of defects and/or impurities in the germa-
nene layer, and therefore,we have to discard this interpretation.
In conclusion, we have studied the charge inhomogeneities
of germanene grown on MoS2. The charge fluctuations in ger-
manene have been mapped out by using a Dirac point map.
Spatial maps of the Dirac point and the charge character reveal
that the germanene sheet consists of electrons and hole puddles
with a typical radius of 10–20nm embedded in an intrinsic, i.e.,
undoped, background. The typical charge per puddle is of the
order of one electron or hole. The defect density of MoS2 is
determined by the analysis of several large-scale scanning
tunneling microscopy images and compares very well with the
charge density of the germanene sheet.We found strong indica-
tions that the charge puddles in germanene are caused by
charge-donating defects and impurities in the MoS2 substrate.
Our results demonstrate that even in van der Waals heteroepi-
taxy, the quality of the substrate plays a key role. Charge donat-
ing defects or impurities result in electronic inhomogeneities in
the two-dimensional material.
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